A new method is proposed for estimating the amount of exposure to g-rays sustained by victims involved in a radiation accident.
The concept is to use as measure of exposure the quantity of free radicals generated in organic materials by irradiation, and to determine this quantity through its relation to the electron spin resonance shown by substance containing such radicals.
Applying this method, a minimum exposure of about 100 R could be estimated with measurements at room temperature. The monitor substances taken up for the present series of experiments included nails and hair taken from exposed persons, plastic button, polyethylene powder, lucite, paper and wool. The experiments were aimed at determining the sensitivity, the fading with lapse of storage time after irradiation and the effects of differences in conditions of storage such as temperature, illumination, and washing before measurement. The method thus developed should prove useful for estimating the extent of exposure, to serve in INTRODUCTION A number of accidental exposures have occurred in the past in various countries. Notable examples of such accidents suffered by persons regularly occupied in work involving radiation (referred to hereafter as "radiation-workers ", as opposed to "non-workers") include the incidents that occurred at Oak Ridge, U.S.A.(" and in Yugoslavia(2) (these two cases involving exposure to both neutrons and g-rays) and in Australiam (g-rays alone). Much effort has been applied to the development of medical treatments to be applied to patients to victims of exposure to radiation.
In the case of accidents suffered by radiationworkers, exposure sustained by them can be estimated more easily and rapidly than in the case of non-workers, since they are constantly subjected to systematic monitoring and control. Nevertheless, the personnel monitors currently used for this purpose are not adapted to convenient and reliable estimation of exposures exceeding 100 R, with the exception of thermoluminescence and glass dosimeters.
For non-workers exposed to g-rays, no effi- possesses, on the other hand, the intrinsic disadvantage of incurring fairly large errors in estimating the extent of exposure or dose originally sustained, on account of the differences existing between individuals in their capacity to recover from exposure and other factors such as dietary habits, all of which influence the relation between the observed data and the applied radiation.
In view of these drawbacks inherent in the biological approach, we have directed own efforts to the development of physical methods, which are not affected by the individual factors differing from person to person. In Japan, there occurred in 1971 an accident involving the exposure of non-workers to g-rays, on which occasion the present authors established a method for estimating the exposure received by the patients from measurements of the thermoluminescence emitted by jewels taken from wrist watches worn by the patientsm. This method has the advantage of high sensitivity, but is on the other hand inevitably handicapped by the inherent limitations in the quantity of sample available, and by the impossibility of repeating the measurements.
Also, one cannot of course count upon people unexpectedly encountering exposure to be wearing a watch at the time of the eventuality.
In view of these shortcoming of the previously devised method, the authors undertook a study to assemble information that should contribute to the development of a new method for estimating g-ray exposure, applicable to both radiation-workers and non-workers.
In the present paper, the authors will expose the basic concepts of the new method which utilizes the electron spin resonance of substances containing free radicals. part of the susceptance of the substance. If the applied magnetic field is fixed, and the frequency of the oscillating magnetic field is varied, the intensity A becomes a function of the frequency of which the resonance condition is given by Eq. ( 2), and is represented by P=SA(n)dn, (4) where P is defined as the absorption intensity.
If it is assumed that the width of the absorption is not wide, it can be proved that Eq. (4) b ernm es (5) In the special case of Kramers-Kronig's relation, we obtain (6) where X0 is the susceptance of the sample. Then, it is possible to apply Curie's law to the sample X0 Ng2S(S+1)b2/3kT (7) Then, the relation between the number N of free electrons or of free radicals and the absorption intensity P becomes
Poc(N/T)g2S(S+1). (8)
Hence it should be possible to determine the number or quantity of radicals contained in a substance from the absorption intensity of electron spin resonance shown by the substance.
Thus, if we can relate the quantity of radicals to irradiation, we see the possibility of estimating the exposure or dose received by a substance from its electron spin resonance intensity. Now, it is known that when an organic material is exposed to ionizing radiation, free radicals are created therein.
We therefore undertook to determine the quantity of free radicals found after irradiation in such organic substance as polyethylene powder, Incite, ordinary plastic button, paper, wool, cloth of cotton and of polyester, human hair and nail. All the samples, except the hair and nail, were unused materials freshly purchased. Prior to irradiation, the ESR (electron spin resonance) absorption was measured on the samples to determine their natural absorption properties at room temperature. The samples were then irradiated at room temperature with g-rays from 137Cs source.
The electron spin resonance spectrometer used in this experiment is a JEOL model JES-ME-3X equipped with a 100 kHz modulation unit. The resonance cavity employed operates on the TEon mode, and has a slotted window at one end to permit direct illumination of the sample. The resonant frequency of the loaded cavity was in the range of 9,200~9,600 MHz. The ESR measurements were made at room temperature.
III. E XPERIMENTAL RESULTS
Response of ESR Absorption
In the development of a monitoring method for application to radiation-workers and nonworkers, the most important properties of the substance to serve as monitor are its sensitivity and fading behavior.
Our first experiments were undertaken to determine the dosimetric properties such as the sensitivity and the linearity of the response to exposure. The substances chosen were lucite, polyethylene, paper, clothing, and also human hair and nail. Samples of about 100 mg were used for the irradiation and the subsequent measurements of ESR absorption. Figure 1 reveals the linear relationship obtained between the exposure to 137Cs g-rays and the ESR absorption intensity of polyethylene powder irradiated in the dark.
The vertical axis is the relative ESR absorption intensity due to the free radicals in the sample irradiated with g-rays, observed at room temperature within 2 hr after irradiation. The intensity was normalized in respect of both the weight of the sample and the intensity of the standard sample of DPPH.
It seen from Fig.1 that good linearity was not mean fading of defects formed by the exposure to radiation, but the diminution of the amount of free radicals contained in the irradiated samples with lapse of time after the irradiation during which the samples may be subjected to various conditions, which should affect the fading of the generated radicals. The fading properties under different conditions of storage were examined on samples of plastic button, polyethylene and lucite, all irradiated at room temperature with g-rays. An example of the results of measurements on fading in the sense given above is shown in Fig.2 , where the curve represents the fading of the free radicals in polyethylene, kept in the dark at room temperature after irradiation to 103R. It is seen from Fig.2 that the free radicals gradually decreased, dropping in 2 days to about 88 % of the initial ESR absorption intensity.
Even so, the decay shown by polyethylene was less prominent than in the case of other organic materials such as lucite, button and human hair. It is seen from the figure that, at room temperature, the response gradually decreased with storage time, dropping down to about 90% at 1,300 min after irradiation. When stored at 0dc, the 90% level was only reached at 10,000 min, while at 42dc, the response deteriorated very rapidly. When stored at 100dc (Fig.4) , The decay observed in the case of wool and human hair and nail was very rapid, and for example, in human hair the ESR absorption intensity was reduced by one half between the first and the second observations, separated by a lapse of 5 min. These substances are therefore not suitable for monitoring. The mechanism of the decrease of the free radicals at high temperature is not yet understood fully, but it is indicated from the foregoing result that certain organic materials should be utilizable in radiation dosimetry, provided they are stored at room temperature or below after irradiation, while after measurement, storing the sample at high temperature for 30 min or more should restore the substance to a state suitable for re-use or for recalibration.
Effect of Illumination
A study was made to determine the effect of illumination on the ESR response of irradiated lucite. A sample irradiated to 104R was illuminated with the condensed light of a 100W superhigh-pressure mercury lamp placed at a distance of 52 cm. The illumination was applied at room temperature. Figure  5 shows the results obtained with (B) and without (A) illumination at room temperature on irradiated plastic buttons.
It is indicated that the samples are sensitive to some extend to illumination, but in practical applications this property could be neglected because of relatively short duration of illumination to which the samples would be subjected to after irradiation. Further, the degree of influence should depend on the wavelength of the light, since it may be considered that the cause of the increase seen in ESR response upon illumination is the generation of additional free radicals by ultra-violet light. As already mentioned, the free radicals in many organic materials are not stable at room temperature in air. It is well established that the decay of the free radicals is due to their reaction with oxygen contained in the air. Thus, if such a sample is coated with some protective material before irradiation, the decay might be less rapid than in the case of an un-coated sample. Figure 6 shows the results of a test with carbon paint coating on the lucite to see its effect on the decay of the free radicals in lucite.
It is seen that the coating did not bring any beneficial effect. On the other hand, it has been reported that irradiated samples stored in vacuum were preserved free of decay (6) .
Then, in case where monitor samples subject to rapid decay of the free radicals contained therein must be stored before measurement, preservation in vacuum may possibly be an effective measure for using them as monitor or dosimeter. 
Washing Effect on Decay of Free Radicals
Our aim being to utilize samples of organic materials found on the patients' body and among their personal effects and belongings such as hair, nail, plastic accessories and part of clothing as monitor substance for the estimation of exposure in a radiation accident, it must be excepted that the samples made available in actual application would generally be soiled and dirty.
Since dirt should become source of noise in the subsequent measurements of ESR absorption, the samples collected from the patients should first have to be cleaned. In view of this circumstance, a study was made of the effect of cleaning on irradiated lucite. Table  1 gives the effect of various solvents on the decay of free radicals in the lucite. peak due to free electrons and that due to other free radicals-polyethylene stored at room temperature
In this experiment, the fading ratio was determined from many measurements of the ESR absorption using two or more samples containing free radicals possessing different fading rates. The dating can be cross-checked among two or more samples of different substances.
IV . DISCUSSION
In this experiment, we have undertaken to obtain some information that could contribute to the development of a method for estimating the exposure or the absorbed dose received by radiation-workers and non-workers in a radiation accident. It is proposed to utilize measurements of the electron spin resonance of the free radicals generated by irradiation in organic materials. We shall here consider the differences between the present and other current methods.
Since non-workers cannot be expected to be carrying personnel monitors at the time of an accidental exposure to radiation, the exposure data required for the ensuring medical treatment must be sought either among their personal belongings or in their own body.
We have previously developed a thermoluminescence method utilizing jewels in the wrist watch as monitor substance"). The drawbacks of this method are as mentioned above in the " Introduction".
The ESR method, proposed with the aim of covering the shortcomings of the watch-jewel method, possesses, in turn, the inherent drawback of poor sensitivity compared with the normally used dosimeters such as film badge, pocket chamber, glass dosimeter and thermoluminescence dosimeter.
It is, however, to be noted that radiological information can already be of use to doctors treating patients involved in a radiation accident, even if can only distinguish and classify the dose received into the very rough ranges of (a) below 100 rad, (b) between 100 and 300 rad, and (c) above 300 rad. This order of precision should be well within the scope practical realization with the proposed approach based on ESR measurements, considering the large quantity and choice of monitor substance available for this method.
Another useful property to be borne in mind is that the ESR absorption intensity is proportional to the reciprocal of the measuring temperature, as indicated by Eq.(8).
Thus the sensitivity of the method should be markedly improved by performing the ESR measurements at very low temperatures.
While it may not be practical to attempt such measurements at liquid helium temperature, that of liquid nitrogen should be relatively easy. And the present experimental results would indicate that it should be quite possible to detect exposures of about 10 rad at liquid nitrogen temperature, which should fully qualify the proposed method as means of obtaining exposure information of use in medical treatment.
The expense involved in equipment for ESR measurements is offset by the ease with which the monitor substances could be collected from the personal effects of the patients. This abundant availability of monitor substance is the strongest advantage of the proposed method, and in this respect it is the converse of the method utilizing the thermoluminescence of watch jewels reported in the previous paper(4).
V. CONCLUSION
We have examined the possibilities of utilizing the electron spin resonance absorption intensity as a measure of the number of free radicals generated in a substance by exposure to radiation. The results of the study can be surmmalized as follows.
(1) The method promises to possess the sensitivity demanded of monitors to provide information of use to medical doctors treating radiation-workers and non-workers involved in accidental exposure to radiation. (2) If the monitoring is effected within 1 week after the accident, it should be quite possible to estimate the exposure, before effacement by fading of the effects of radiation sustained by the monitors substances. (3) Illumination of irradiated monitor sample was found to increase rather than decay the free radicals, but only by a small amount. (4) Heat distinctly accelerated the decay of free radicals in the irradiated monitor sample. It is hence desirable that the monitor substance be maintained at a temperature as low as possible during the period between exposure and measurement.
(5) There is possibility of dating the time of exposure by this method. Effects similar to those observed in the present experiment should be found also in the case of other kinds of the organic material. Thus we have a large choice of monitor substances to select among the organic materials around exposed persons, on which to apply the proposed method of radiation dosimetry for accidental exposure to radiation.
The authors intend to follow the present study with the development of a practical dosimeter based on the principles described above.
